Introduction 32
Considering the invaluable ecosystem services provided by bees, particularly through their 33 pollination of wildflowers and crops (Gallai et al., 2009 ), emerging evidence for declines of some 34 species are a great cause for concern. For wild bees, evidence of decline is most clear in bumblebees 35 (Rasmont et Many factors have been implicated in contributing to worldwide losses in pollinator stocks, 38 the most prominent of which are habitat loss and degradation, exposure to harmful agrochemicals 39 such as pesticides, competition from invasive species, pathogens and parasites and diet stress, and 40 climate change is only likely to further exacerbate these existing pressures (Brown & Paxton, 2009; 41 Potts et al., 2010; Goulson et al., 2015) . Generally recognised as the most significant driver of 42 declines in biodiversity at a global scale is land-use change and its concomitant habitat loss (Foley et 43 al., 2005) , and the same is true for losses of bees (Goulson et (Howard et al., 2003; Goulson et al., 2015) . Often what is left 51 is a more homogenous landscape, characterised by short, temporally and spatially isolated blooming 52 periods of mass-flowering crops such as oilseed rape and canola (Westpal et al., 2006; Osborne et 53 al., 2008) . These landscapes are generally less suited to pollinators; in a meta-analysis of 54 studies, 54 Winfree et al. (2009) found habitat loss to be the most significant contributor to losses in wild bee 55 richness and abundance. Similarly, Ricketts et al. (2008) , in a review of 23 studies detected a 56 negative correlation between wild bee diversity and distance from areas of natural habitat. 57
Due to these losses in the extent of wildflowers, it has been proposed that mass-flowering 58 crops could provide valuable resources for pollinators (Westphal et al., 2003) . However, as they are 59 only available for such short period of time, they might not be sufficient to sustain viable pollinator 60 populations (Kremen et al., 2007) . Furthermore, bees inhabiting areas of intensive farmland will 61 almost certainly have more monotonous diets than they would have done in their evolutionary past 62 and this has caused concern that pollinators may be adversely affected by 63 inadequate nutrition, although the effects of diet stress have been little investigated. It is well 64 known that the nutritive quality of both pollen and nectar of different plants is highly variable development of bee colonies. One study examining the effects of pollen quality and diversity on 68 honey bees found that bee physiology and immune system function were both increased when 69 pollen diet was of higher quality (i.e. higher protein content) and more diverse (i.e. polyfloral; pollen 70 originating from multiple plant species) (Di Pasquale et al., 2013). Furthermore, studies on 71 bumblebees have also indicated the importance of pollen diet in colony development and brood 72 production, the general trends being that colonies perform better when pollen source is varied or of 73 higher quality (Génissel et Goulson et al., 2015) . Of the pesticides to which bees are likely to be exposed, neonicotinoids 82 have attracted most attention and debate. Since their development in the 1980s and their 83 commercial availability in the 1990s (Kollmeyer et al., 1999) , they have rapidly become the most 84 widely used class of insecticides in the world (Goulson, 2013) . As nicotinic acetylcholine receptor 85 (nAChR) agonists, they bind to receptors in the central nervous system (Elbert et al., 2008) . In low 86 concentrations, this causes nervous stimulation but higher doses can lead to paralysis and death. 87
Their water solubility and systemic nature means that they are readily absorbed by roots and leaves 88 and transported around the whole plant protecting all the plant tissues. This however has important 89 implications for pollinators as varying concentrations of these chemicals are often found in the 90 pollen and nectar of both treated crops and nearby wildflowers (Botías et al., 2015) . Whilst the 91 concentrations of neonicotinoids are generally not sufficient to cause rapid mortality in pollinators 92 (Goulson, 2013 bees actually encounter large enough amounts in the wild to cause them significant harm (Godfray 98 et al., 2014) , and this may in part be down to the huge variability in concentrations of these persistence of neonicotinoids in untreated wildflowers means that exposure is likely to be more 101 extensive than previously thought (Botías et al., 2015) . 102
The majority of studies to date have focussed on the impacts of imidacloprid on bees, but 103 other neonicotinoids such as thiamethoxam and clothianidin are now used more frequently (Laycock 104 et al., 2014) . Whilst detrimental effects of thiamethoxam to honey bees and bumblebees have been 105 documented at fairly high doses, ranging from 67 ng/g to higher than 100 ng/g ( (2014) found that concentrations of thiamethoxam in pollen stores of free-flying bumblebee nests in 116 the range 0 to 1.6 ppb strongly and negatively correlated with colony performance, but these nests 117 were also exposed to a cocktail of other neonicotinoids so disentangling effects of particular 118 compounds is difficult. 119
The majority of scientific literature and public debate on the topic of bee health has tended 120 to focus on the impacts of the individual drivers of pollinator declines in isolation, with the emphasis 121 often on attempting to identify the sole or primary cause of bee declines (Potts et al., 2010; Goulson 122 et al., 2015) . However, it has been increasingly recognised that these drivers rarely act in isolation, 123 and that in the wild, bees will commonly be faced by combinations of numerous different stressors 124 that may interact additively or synergistically (Potts et al., 2010; Goulson et al., 2015) . These kinds of 125 interactions have been documented between different agrochemicals, whereby chemicals such EBI 126 fungicides greatly increase the toxicity of insecticides (Pilling & Jepson, 1993; Schmuck et al., 2003; 127 Sgolastra et al., 2016) . Furthermore, there is increasing evidence that exposure to pesticides can 128 lower immune system function, making bees more susceptible to damage from pathogens, such as 129 potential to lower bees' capacity to withstand the effects of pesticides 136 although this has yet to be tested in bumblebees. 137
Here we investigate the combined effects of a monotonous diet and exposure to thiamethoxam 138 on bumblebee micro-colonies. Queenless micro-colonies are considered to be reliable indicators of 139 trends in larger queenright colonies (Tasei & Aupinel, 2008b) , and are recommended for risk 140 assessments of agrochemicals by the European Food Safety Authority (EFSA, 2013). Monotonous 141 and varied diets were simulated by feeding micro-colonies either monofloral or polyfloral diets. 142
Simultaneously, half the micro-colonies in each diet treatment were also exposed to 143 environmentally-realistic levels of thiamethoxam in both pollen and syrup over a period of 17 days, 144 after which point uncontaminated pollen and syrup were provided. Colonies were observed and 145 performance parameters were recorded both during and after exposure to determine the effects of 146 the two treatments and their interaction on measures of colony performance. the pollen provided to our micro-colonies was sterilized to exclude honeybee pathogen spill-over 154 effects. Polyfloral pollen was sterilised by Biobest using gamma irradiation with a cobalt-60 source at 155 dose rates between 25-45 kGy. We were unable to use this approach so monofloral pollen was 156 sterilised by a 30 minutes cycle exposure to ultraviolet germicidal light (254 nm). Whilst a single 157 study has indicated that gamma irradiation has no effect on pollen protein content (Junjie et al., 158 1998) , it is possible that the different sterilisation methods may have affected some other nutritive 159 quality of pollen. However, the effect of sterilisation techniques on pollen quality has been largely 160
unexplored. 161
Protein content of both the monofloral and polyfloral pollens was calculated to be 10. 15 18.6%; Papaveraceae Papaver type, 14.9%). The remaining 22.8% was made up of 7 more pollen 167 types, each representing less than 5% of the total volume. Cistus pollen was added to the polyfloral 168 blend so that it was at a similar proportion to the 5 main pollen groups. This was in order to 6 minimise any detrimental or favourable effects of any toxin and/or additional nutrient present in 170
Cistus pollen acting only on monofloral treatment colonies. 171
Four colonies of Bombus terrestris audax, each with approximately 100 workers, were 172 purchased from Biobest (Belgium) via Agralan Ltd (Swindon, UK). Forty queenless micro-colonies 173 were established by placing 5 workers from one of the four queenright colonies into circular plastic 174 boxes (diameter 11cm, height 9 cm) with an aluminium mesh cover to allow air ventilation. Micro-175 colonies were kept in a dark room with controlled conditions throughout the entire study period (50 176 ± 5% humidity and 24 ±1°C). Workers were left for 2 days to acclimatise to their new environment, 177 during which time uncontaminated polyfloral pollen and syrup were supplied ad libitum. After the 2 178 days, micro-colonies were assigned to one of four treatment groups with 10 micro-colonies per 179 group. Micro-colonies with workers originating from each queenright colony were assigned evenly to 180 the four different treatment groups in order to control for effects of the workers' colony of origin on 181 performance. Micro-colonies were weighed and a small amount of wax from the corresponding 182 queenright colony was then added to stimulate oviposition. Half of the micro-colonies received 183 monofloral pollen and half were given polyfloral pollen. All groups received the same inverted sugar 184 syrup solution (50% Ambrosia syrup, EH Thorne Ltd), and groups were supplied with their particular 185 pollen diet throughout the 5 week study period. Within each diet treatment, half of the colonies 186 were exposed to thiamethoxam and the others were provided with uncontaminated food. Pollen 187 and nectar were dosed with thiamethoxam at field realistic levels of 3. Every three days, syrup and pollen feeders were weighed to measure collection and fresh 201 pollen and syrup were provided. Data on food collection were also used to calculate the average 202 amount of active compound collected by each bee. We consider this pollen and syrup collection 203 rather than consumption as some syrup was stored in nectar pots and pollen was used to provision 7 brood. Five identical plastic boxes to those used for the bee micro-colonies were kept with full syrup 205 feeders and weighed every 3 days in order to control for any effects of evaporation in syrup 206 collection analyses. The micro-colonies were also weighed and the number of brood cells and nectar 207 pots was noted. 208
At the end of the fifth week, all the colonies were frozen and dissected. The numbers of 209 larvae and pupae were counted and the workers were weighed. 210
All statistical analyses were carried out using SPSS 21.0. Data were first tested for normality 211 using a Shapiro-Wilk test. Where data were normally distributed, generalized linear models (GLM) 212 were used to test for effects of pollen diet and exposure to pesticides, and any interactions between 213 the two, on the colony performance parameters. Where distributions were not normal (e.g. 214 numbers of males produced), non-parametric tests were used. Analyses were also carried out to 215 determine whether there were any significant differences between colony growth and the food 216 Over the 5 week study period, a total of 6 worker bees died with at least one death per treatment 226 group. No one micro-colony had more than 1 death and the total number of deaths was too few for 227 further analysis. All workers lost weight during the study ( fig. 1 ). However, workers in colonies that 228 were exposed to pesticides lost significantly more weight than those that received uncontaminated 229 food (GLM: χ 2 =5.10, df=1, p=0.02). There was no significant effect of pollen diet on worker weight 230 change (GLM: χ 2 =0.69, df=1, p=0.41), nor was there any significant interaction between pesticide 231 exposure and pollen diet (GLM: χ 2 =0.01, df=1, p=0.93). 232 233
Micro-colony growth, reproductive success & male quality 234
The amount that micro-colonies grew was significantly affected by both pollen diet and exposure to 235 pesticides, with colonies receiving polyfloral pollen without pesticides performing best, and those 236 receiving monofloral pollen contaminated with pesticides performing worst (Pollen, GLM: χ 2 =9.37, 8 the two factors (GLM: χ 2 =1.57, df=1, p=0.210). Micro-colonies that received a monofloral diet grew 239 on average 15.5% less than those that received a polyfloral pollen. Furthermore, micro-colonies that 240 received uncontaminated syrup and pollen grew on average 15.6% more than micro-colonies that 241 were exposed to pesticides ( fig. 2 & fig. 3 ). Comparing the rate of weight gain during and after 242 exposure, micro-colonies that received pesticides grew faster once they were no longer being 243 exposed to pesticides than micro-colonies that received uncontaminated food throughout the 244 experiment (GLM: χ 2 =6.44, df=1, p=0.011) ( fig. 2) . 245
The number of males produced was significantly affected by the treatment applied (Kruskal-246 Wallis: χ 2 =21.27, df=3, p<0.001) ( fig. 4A ). Micro-colonies that received monofloral pollen produced 247 significantly fewer males than those fed polyfloral pollen (Mann-Whitney U: U=44, df=38, p<0.001). 248
Although pesticide treated micro-colonies produced fewer males than those that received 249 uncontaminated food, this difference was not significant (Mann-Whitney U: U=142, df=38, p=0.108). 250
There was also a significant effect of pollen diet on the average number of brood per treatment 251 group (GLM: χ 2 =18.78, df=1, p=<0.001). Micro-colonies that received monofloral pollen produced on 252 average 32 fewer larvae and pupae and this represented a 40% reduction compared to polyfloral 253 groups ( fig. 4B) . 254
Furthermore males from micro-colonies that were supplied with monofloral pollen were on 255 average 0.05 g lighter than those fed polyfloral pollen (GLM: χ 2 =29.5, df=1, p<0.001). The weight of 256 males was not significantly affected by pesticide exposure (GLM: χ 2 =0.50, df=1, p=0.481) ( fig. 5A.) . 257
The male thorax width was also significantly lower in micro-colonies given monofloral pollen 258 compared to polyfloral pollen (GLM: χ 2 =20.1, df=1, p<0.001). There was also a significant effect of 259 pesticide exposure on male thorax width, with thoraxes being narrower in micro-colonies that were 260 exposed to pesticides (GLM: χ 2 =5.57, df=1, p=0.018). There was a marginally non-significant 261 interaction between pesticide exposure and pollen diet on male thorax width (GLM: χ 2 =3.74, df=1, 262 p=0.053) ( fig. 5B ). The fat content of males, measures as a proportion of body weight, was 263 significantly higher in micro-colonies fed on a polyfloral diet (F1,24 = 24.2, p<0.001) but there was no 264 significant effect of pesticide contamination (F1,24 = 1.31, p=0.264), and no significant interaction 265 between the two (fig. 6 ). 266 267 Food collection 268 Micro-colonies that received monofloral pollen collected significantly less syrup than micro-colonies 269 that received polyfloral pollen (GLM: χ 2 =7.42, df=1, p=0.006) ( fig. 7A ). However, when controlling for 270 variation in the amount of weight gained by micro-colonies (weight gain was added as a covariate to 271 the GLM), this difference was non-significant (GLM: χ 2 =2.07, df=1, p=0.150). There was no 9 before and after controlling for micro-colony weight gain (before, GLM: χ 2 =1.06, df=1, p=0.304; 274 after, GLM: χ 2 =0.12, df=1, p=0.726). 275
There was no significant effect of pollen diet on the amount of pollen collected by micro-276 colonies, both before and after controlling for the amount of weight gained (before, GLM: χ 2 <0.001, 277 df=1, p=0.985; after, GLM: χ 2 =2.88, df=1, p=0.090). There was also no significant effect of pesticide 278 exposure on the amount of pollen collected by micro-colonies, both before and after controlling for 279 weight gain (before, GLM: χ 2 =3.27, df=1, p=0.070; after, GLM: χ 2 =0.39, df=1, p=0.534). 280
Micro-colonies that received pesticide contaminated food collected both pollen and syrup in 281 significantly greater quantity in the period after exposure than micro-colonies that received non-282 contaminated food throughout (syrup, GLM: χ 2 =7.897, df=1, p=0.005; pollen, GLM: χ 2 =6.441, df=1, 283 p=0.011). and had fewer larvae and pupae than micro-colonies that received a polyfloral diet ( fig. 4B ). Not only 311 was the total reproductive output of monofloral micro-colonies lower, the quality of drones 312 produced was also significantly reduced, with males being lighter ( fig. 5A) and smaller (fig. 5B ) and 313 with lower lipid content ( fig. 6 ). Our findings are broadly in agreement with those of previous studies 314 which generally find that colonies perform comparatively poorly when fed a monofloral diet 315 (Génissel et al., 2002; Tasei & Aupinel, 2008; Baloglu & Gurel, 2015) . However, caution is needed in 316 interpreting our results. The protein content of the monofloral pollen was 24% lower than the 317 polyfloral pollen blend; studies by Greenberg (1982) and Regali & Rasmont (1995) (2015) demonstrated that Cistus fed colonies grew slower than colonies fed either Salix or Actinidia 331 deliciosa pollen and that this was down to Cistus pollen's lower amino acid concentration. Overall, it 332 is clear that pollen diet has profound implications for bee colonies, but further works is required 333 before we can draw general conclusions as to what constitutes a healthy diet for bees. 334
Pesticide exposure had fewer detectable effects than diet. Micro-colonies that received 335 contaminated food gained less weight than micro-colonies that received uncontaminated food (figs. effects, even when doses were 10 ppb which is nearer the likely upper limit for average field dietary syrup and not pollen, and so undoubtedly underestimate extent of exposure that would be 343 experienced by bees in the wild. Moreover, these studies only investigated quantitative measures of 344 reproduction (i.e. numbers of brood) and not qualitative measures such as offspring size and lipid 345 content. We found that pesticide exposure decreased the size of males (as measured by thorax 346 width). As previous work has found that micro-colonies are representative analogues of whole 347 colonies (Tasei & Aupinel 2008b) , it is plausible that similar patterns would also be seen in the 348 production of new workers and queens. As smaller queens and males generally experience lower 349 reproductive success, with smaller queens being less likely to survive winter hibernation and smaller When micro-colony weight gain was added as a covariate, there was no significant 364 difference in how much syrup was collected by micro-colonies, suggesting that the size of the micro-365 colonies was the most significant factor in explaining the variation in syrup collection ( fig. 7A.) . In 366 contrast to syrup collection, pollen quality did not significantly affect pollen collection. This is in Blüthgen, 2012), yet it does not seem that they compensate when collecting low quality pollen by 372 collecting more. 373
We detected that in both groups that were exposed to pesticides, micro-colonies collected 374 pollen and nectar more quickly when they had been provided with uncontaminated food, suggesting 375 that there may have been an anti-feedant effect imposed by thiamethoxam. Whilst it has been only been noticed when doses were in excess of 10 ng/g. As the reproductive effort of colonies that 379 were exposed to pesticides was comparable to those received uncontaminated food ( fig. 4) , it seems 380 that micro-colonies were able to compensate for anti-feedant effects by eating more and growing 381 more quickly once no longer exposed to thiamethoxam (fig. 2) . 382
Overall, our findings suggest that both dietary pollen quality and exposure to the 383 neonicotinoid thiamethoxam have multiple, measurable adverse effects on bumblebee micro-384 colonies, though there were no strong interactions between the two stressors. Although micro-385 colonies are regarded as being good proxies for whole colonies, it would be informative to 386 investigate the effects of these factors using whole colonies in more realistic field settings where 387 other stressors are present and where bees have to forage to collect food. A. B.
